Objectives: The aim of this study was to establish and validate a high-performance liquid chromatography method for the determination of malondialdehyde in seminal plasma in smokers and non-smokers and to fi nd possible differences between the two groups. Background: Malondialdehyde is used as a diagnostic marker of lipid peroxidation and indicator of oxidative stress. Smoking is suspected to be responsible for an increase in its level. Malondialdehyde has been thought to have cytotoxic and damaging effects. Methods: Semen samples were obtained from male partners of couples requesting a fertility evaluation. Malondialdehyde was derivatized with 2-thiobarbituric acid. The malondialdehyde-2-thiobarbituric acid complex was determined by liquid chromatography with fl uorescence detection. The mobile phase consisted of 20% ethanol in 25-mmol/L potassium dihydrogenphosphate (v/v), pH 6.00 ± 0.05. Results: Analytical performance was satisfactory. Malondialdehyde levels were as follows: 1.50 ± 0.55 μmol/L in all patients, 1.40 ± 0.57 μmol/L in smokers, and 1.50 ± 0.53 μmol/L in non-smokers.
Abbreviations: ACN -acetonitrile; BMI -body mass index; DNPH -2,4-dinitrophenylhydrazine; EDTA -ethylenediaminetetraacetic acid; GC -gas chromatography; HPLC -high-performance liquid chromatography; IQR -interquartile range; MDA -malondialdehyde; PUFA -polyunsaturated fatty acid; TBARS -thiobarbituric acid reactive substances.
Male infertility is becoming a very common problem in young men nowadays. The important pathological mechanisms leading to male infertility include sperm membrane damage by lipid peroxidation. The human sperm membrane is particularly susceptible to oxidative damage due to the high content of polyunsaturated fatty acids (PUFA) (1) . The origin of lipid peroxides and lipid peroxidation metabolites is a cascade process. The initial products of PUFA oxidation are peroxyl radicals (2) . These toxic products damage the process of spermatogenesis; thereby reducing the number of sperm cells and sperm motility, causing an inability to undergo the acrosome reaction and fertilize (3) . The degree of lipid peroxidation in seminal plasma can be determined in several ways. Malondialdehyde (MDA) is one of the fi nal products of lipid peroxidation in seminal plasma (4) . It is a highly reactive and genotoxic agent. MDA is able to react with DNA and proteins, thereby affecting physiological mechanisms in the body (5) . It is therefore necessary to determine lipid peroxidation in human seminal plasma for the study of male infertility. Smoking, a potential free radical source, is thought to be one of the risk factors raising MDA level and may be responsible for sperm immobility and inability to fertilize.
MDA is most frequently determined as a thiobarbituric acid reactive substances (TBARS) after its reaction with TBA. MDA (TBA) 2 absorbance is measured spectrophotometrically at 532 nm. This method is simple and inexpensive, but TBA also reacts with many other compounds (e.g. amino acids, carbohydrates, etc.) (6) . Separation methods have been developed, such as highperformance liquid chromatography (HPLC), gas chromatography (GC) and capillary electrophoresis. HPLC methods use different types of detectors, such as UV/Vis (3, 7), fl uorescence (8), electrochemical (9, 10) and mass spectrometry detectors. Alternatively, derivatization with 2,4-dinitrophenylhydrazine (DNPH) (6) or diethylbarbituric acid (11) has been found to enable a specifi c estimation of MDA. Derivatization of MDA with pentafl uorophenylhydrazine (6) or 2,4,6-trichlorohydrazine (12) enables the simultaneous determination of several aldehydes.
The aim of this study was to establish and validate a HPLC method with fl uorescence detection for the determination of MDA in the seminal plasma of patients from the Sanus Center of Assisted Reproduction, Pardubice and to compare MDA levels to spermiogram parameters in smokers and non-smokers.
Materials and methods

Subjects and samples
In this cross-sectional study conducted from September 2011 to May 2012 at the Sanus Center of Assisted Reproduction (Pardubice, Czech Republic), 50 male partners of couples requesting a fertility evaluation were selected to participate in the study. A couple is considered infertile if conception has not occurred after a year of regular unprotected sexual intercourse. About 15 % of couples in the Czech Republic suffer from infertility. At present, men are the cause of about 50 % of the cases of the couples´ infertility and this number is constantly increasing.
The patients (31 ± 5 years of age) were divided into groups according to the completed questionnaire, into smokers (n = 18) and non-smokers (n = 32). Smoking history was established through a questionnaire including questions on smoking activity. Based on the World Health Organization standards, if an individual had smoked 100 cigarettes in his lifetime, he was considered an active smoker. Such patients were placed in the smokers group in this study. In all cases, a written informed consent was obtained from all participants and the study was approved by the First Private Surgical Center Hradec Kralove Ethics Committee (2011). Sperm functionalities were examined according to the 2010 World Health Organization guidelines (13) .
Semen samples were obtained by masturbation after 2-4 days of sexual abstinence. After 35 minutes of liquefaction at room temperature, one part of the sample was used for estimating sperm functionalities and the second was centrifuged (900 x g, 5 min, and room temperature) and the supernatant immediately frozen and stored at -80 °C until analysis. This procedure was conducted in the Sanus Center of Assisted Reproduction, Pardubice.
Sample preparation
Seminal plasma samples were collected into tubes containing butylated hydroxytoluene as an antioxidant. This approach was recommended in several studies (3, 6, 14) . Two hundred μL of 0.1% butylated hydroxytoluene in ethanol were pipetted into 1.5-mL polypropylene tubes. Ethanol was evaporated under a stream of pure nitrogen (Linde Gas a.s., Prague, Czech Republic). Tubes prepared in this manner were fi lled with 200 μL of seminal plasma. 100 μL of 0.1 % EDTA solution and 50 μL of 2-TBA (28 mmol/L) was added to 50 μL of thawed seminal plasma sample. EDTA, as a chelating agent, inhibits lipid peroxidation in vitro (8) . The mixture was vortexed for 60 s and incubated for 1 h at 100 °C. After cooling, 1 mL of cold n-butanol was added; the mixture was vortexed for 10 min and centrifuged (4000 x g, 30 min, and 25 °C). Organic solvents reduce the interference of other substances (3). The upper butanol layer was transferred into 1.0-mL vials. MDA standards were prepared in the same way as the samples.
Chromatography method
The chromatographic analysis of MDA after their derivatization with TBA to form a stable, highly fl uorescent derivative was accomplished using an isocratic elution in a LiChroCART® 125-4 Purospher® STAR-RP-18e, 5 μm analytical column fi tted with a LiChroCART® 4-4 Purospher® STAR-RP-18e, 5 μm guard column (Merck KgaA, Darmstadt, Germany) at 37 °C. Mobile phase A was a mixture of ethanol and 25-mmol/L potassium dihydrogenphosphate (20:80, v/v), pH 6.0. A detectable infl uence of interfering substances occurred after several injections. The column was rinsed with mobile phase B (a mixture of ethanol and 25-mmol/L potassium dihydrogenphosphate 50:50, v/v, pH 6.0) to improve the separation step. Although the analysis time was prolonged, tailing peaks were avoided. The fl ow rate was kept constant at 0.5 mL/ min. Optimum response of the fl uorescence derivative was observed when the excitation and emission wavelengths were set to 532 and 553 nm, respectively. The amount of MDA was quantifi ed from the corresponding peak area of the fl uorescence derivative using the chromatography software Clarity. The concentration of MDA in the samples was determined from its calibration curve (8) .
Chemicals and reagents
Potassium dihydrogenphosphate, potassium hydroxide, phosphoric acid, acetic acid, n-butanol, 2-thiobarbituric acid, 1,1,3,3-tetramethoxypropane (the source of MDA standard), EDTA, butylated hydroxytoluene were obtained from Sigma (St. Louis, MO, USA). Ethanol gradient grade for HPLC was obtained from Merck KGaA (Darmstadt, Germany). All other chemicals were of analytical grade.
HPLC instrumentation
Chromatographic analysis was performed with a liquid chromatograph (Shimadzu, Kyoto, Japan) equipped with LC-10ADvp solvent delivery system, a SIL-10ADvp cooled autosampler, a CTO-10ACvp column oven, a RF-10Axl fl uorescence detector, and a SCL-10Avp system controller. Data were collected digitally using the chromatography software Clarity (DataApex Ltd., Prague, Czech Republic).
Statistical analysis
The data are presented as the median ± IQR (interquartile range). Differences between the non-smokers and the smokers were analyzed using the Mann-Whitney Rank Sum Test. The correlation analysis was carried out using the Spearman Rank-Order Correlation, and regression analysis was carried out using the least squares method (SigmaStat for Windows, Version 3.5, Systat Software Inc., Point Richmond, CA, USA). All statistical tests were two-tailed with statistical signifi cance assessed at p-values < 0.05 with 95 % confi dence intervals.
Results
HPLC analysis of malondialdehyde
Standard solutions of MDA as well as pooled seminal plasma were used for studying the mobile phase composition, pH value of the mobile phase, and column temperature. The best results were obtained for the conditions described in "Chromatography method". We prefer using an eco-friendly mobile phase, because organic solvents such as ACN and methanol are considered to be signifi cant pollutants. According to our results, we can conclude that the method presented here is highly robust. An HPLC chromatogram of MDA in human seminal plasma is shown in Figure 1 .
The calibration curve was linear over the whole tested range. The presented method is sensitive and accurate for seminal plasma MDA determination.
Determination of malondialdehyde in seminal plasma of male partners of couples requesting fertility evaluation
Fifty individuals attending the Sanus Center of Assisted Reproduction participated in this study. The study was held in two groups -smokers (n = 18; 36.0 %) and non-smokers (n = 32; 64.0 %). Age was recorded and BMI (body mass index) was calculated. Sperm parameters were determined at the Sanus Center of Assisted Reproduction, Pardubice according to the 2010 World Health Organization guidelines (13) . Basic statistical analysis of the measured data is given in the Table 1 .
The Mann-Whitney Rank Sum Test was used to compare the parameters between smokers and non-smokers. There was no statistically signifi cant difference between smokers and nonsmokers (Tab . 1).
MDA concentration, a marker of oxidative stress, was measured. The levels of MDA were 1.50 ± 0.55 μmol/L in the group of all patients, 1.40 ± 0.57 μmol/L in smokers, and 1.50 ± 0.53 μmol/L in non-smokers.
The dependence of MDA level on selected spermiogram parameters, age, and BMI was determined. Correlations between the level of MDA and total sperm motility in all patients (R = -0.358, 
Discussion
Spermatogenesis is affected by many factors. One of the causes of male infertility is oxidative stress. Frequent smoking contributes to a reduction in antioxidant levels in seminal plasma and the deterioration of spermiogram parameters. Male infertility is affected by many external factors (e.g. environmental, physiological, and genetic factors) (15) . Cigarette smoke contains known mutagenic and carcinogenic substances (16, 17) . The metabolites of cigarette smoke are thought to increase MDA level and lipid peroxidation processes. Therefore, sperm cells membranes are diminished and spermatozoa are not able to fertilize because of immobility. Recent studies have shown the active transfer of several components of cigarette smoke through the blood-testis barrier (16) . As a result, it is important to study the factors affecting male fertility, especially MDA.
Many studies have proposed a correlation between smoking and changes in ejaculate quality but confl icting results have been obtained. Important variables affected sperm concentration, morphology and motility (16) . It has been shown that the MDA concentration in seminal plasma is signifi cantly related to the number of immobile sperm cells (18) . A negative correlation of seminal plasma MDA with sperm motility and concentration has been demonstrated (19) . Also, a negative correlation of MDA level with sperm morphology was confi rmed (20) . Another study claims that the MDA concentration in seminal plasma does not correlate with sperm concentration, motility, or the number of immobile sperm cells (21) .
The negative correlation between MDA levels and sperm motility can be explained. Sperm membranes contain a large amount of PUFA; therefore they are highly susceptible to lipid peroxidation. An increased amount of MDA signifi es increased lipid peroxidation. This may cause membrane damage and reduce membrane integrity and sperm motility. This conclusion was supported by several studies (1, 16, 18, 19, 22, 23) .
Lipid peroxidation has a damaging effect on sperm quality. An increased MDA level in seminal plasma may correlate with or even be responsible for the pathophysiology of male infertility.
High-performance liquid chromatography with fl uorescence detection for the determination of MDA in seminal plasma was optimized. The analytical parameters of the method were satisfactory and this method is appropriate for determination of MDA in seminal plasma.
MDA levels were not signifi cantly different between smokers and non-smokers. Neither were there any signifi cant differences found in individual parameters of the spermiogram. The only statistically signifi cant correlations were found between the MDA level and total sperm motility in all patients, between MDA level and progressive motility in non-smokers and between MDA level and total sperm motility in non-smokers.
The measurement of MDA could be useful diagnostic tool for oxidative stress estimation. However, MDA originates from smoking, may induce poor sperm motility and also negatively affect fertilization processes. Also, smokers should quit smoking for the sense of responsibility for their future generation and their own health.
